Experiments were conducted to determine an effect of equal-channel angular pressing (ECAP) on the creep damage and the microstructure of pure aluminium and an Al-Sc alloy. The coarsegrained materials in their as-received states were subjected to ECAP at room temperature using a die, which had a 90° angle between the channels. Creep tests in tension were performed on the as-pressed samples at 473 K under an applied stress range between 10 to 50 MPa. For comparison purposes, some creep tests were performed also on both investigated materials in their as-received states. Following ECAP and creep testing samples were prepared for examination by scanning electron microscopy equipped with an electron back scattering diffraction unit. The observation of the free surfaces of the ECAP samples after creep exposure showed the occurrence of mesoscopic shear bands exceeding considerably an average grain size. The formation of these bands could be influenced by inhomogeneity of microstructure created during ECAP. It was observed the cavities and microcracks nucleate and propagate along the mesoscopic shear bands. Their growth and coalescence lead to ductile fracture mode with dimples on the creep fracture surface. The evolution of creep damage and fracture of ultrafine-grained specimens could be influenced by synergetic effects of grain boundary sliding, formation of shear bands which were oriented along the direction of the last ECAP pass and cavitation.
Introduction
The most attractive methods for processing of ultrafine-grained (UFG) materials are techniques of severe plastic deformation (SPD) which refine the structure of metallic materials to the ultrafine (<1 µm) or even the nanometer (<100 nm) scale [1] . Many methods of severe plastic deformation are known at present, e.g. high pressure torsion (HPT) [2] , equal-channel angular pressing (ECAP) [3] , accumulative roll-banding process (ARB) [4] , continuous shear deformation process [5] , continuous confirmed strip shearing processes [6] etc. The ECAP pressing realizes deformation of bulk billets via pure shear. This method has been proposed by Segal and co-workers [7] . The ECAP pressing die consisted of a block containing two intersecting channels which form an L-shaped configuration. ECAP is perspective method because of a material is subjected to a severe plastic deformation without any concomitant change in the cross-sectional dimensions of the sample and the repetitive pressings can be used to reach very high strains.
Creep behaviour of the materials processed by ECAP still belongs to the fewest investigated properties of the UFG materials. The low-temperature creep tests at 295 -418 K revealed that the maximum strength of ECAP Cu varies with increasing number of ECAP passes up to 24 passes in a systematic manner that becomes strongly nonmonotonic at elevated temperature [8] . It was found [9, 10] that the creep resistance of pure Al and Cu increases considerably after the first ECAP pass, but the creep resistance of these materials decreases with the subsequent increasing in the number of ECAP passes. Such decrease of creep resistance can be explained by microstructure changes and by increasing contribution of grain boundary sliding to the total creep deformation. Some creep results of UFG pure metals indicate different creep behaviour because the minimum creep rates in UFG materials were found slower than in the same material in a coarse-grained material. Some alloys [11, 12] showed the detrimental effect of ECAP on creep resistance. The investigation of the creep behaviour in precipitate strengthened aluminium alloys (Al-0.2%Sc, Al-3%Mg-0.2%Sc) showed the deterioration of the creep properties at 473 K even after one ECAP pass. The very recent investigation of creep in Cu-0.2wt.%Zr alloy showed that creep resistance at 673 K is considerably improved after 1 ECAP pass in comparison with its unpressed state [13, 14] . However, following ECAP pass resulted in an unexpectedly further significant increase in creep resistance of this alloy. Unfortunately, after 8 ECAP passes its creep properties were deteriorated in comparison with the coarse-grained (CG) state. Such creep behaviour is not consistent with none of previous results of creep behaviour of materials after ECAP and thus the creep strengthening mechanism in Cu-0.2wt.%Zr alloy seems to be unclear. Thus it can be concluded that creep results of different materials processed by ECAP are not consistent. At present, it is not quite obvious whether application of ECAP improves or deteriorates the creep behaviour of SPD materials. The creep fracture is associated with nucleation of cavities on grain boundaries, particularly on boundaries transverse to tensile stress or on particles of second-phase. The cavities can be also nucleated at ledges which are formed as a result of slip along planes intersecting the grain boundaries. The nucleation of cavities is followed by their growth and interlinkage, leading to the final failure [15] . Creep fracture can occur by formation of wedge cracking at triple point when grain boundary sliding (GBS) is not accommodated. The GBS can induce local stress concentration at triple points and particles on the grain boundaries. Cavitation was observed in bicrystals where the boundary was perpendicular to the applied stress, such that there is no resolved shear and an absence of sliding [16] . The damage near grain boundaries is one of the key parameters because many cracks are initiated from grain boundaries which are major degradation phenomena in materials subjected to the creep exposure. In particular grain boundaries influence creep behaviour of ultrafine-grained materials because the increasing contribution of grain boundary sliding to the total creep deformation can be expected. The investigation of the fracture and strain deformation can contribute to the better understanding of the creep behaviour in materials processed by ECAP.
Experimental materials and procedures
The experimental material in as-received state used in this investigation was pure coarsegrained aluminium and a binary precipitate-strengthened Al-0.2 wt.% Sc alloy. The both investigated materials were in the cast state. ECAP was conducted at room temperature using a die containing the channels which formed the angle of 90°. This angle led to the equivalent true plastic strain ~ 1 after one ECAP pass without change of the billet cross-section. The billets were subsequently pressed by route B c [17] up to 8 ECAP passes. The pressing speed was 10 mm/min. After 8 ECAP passes the mean grain size ~ 1 µm for pure Al and 0.3 µm for Al-Sc alloy were determined. From the ECAP billets the flat creep specimens parallel to the XZ plane were machined. The axis X is parallel to the last pressing direction and axis Z perpendicular to the bottom of the channel. Consequently. XZ, XY are longitudinal and YZ transverse sections. On the polished surface of the flat specimens the marker lines perpendicular to X axis were made. Creep tests in tension were performed on the as-pressed samples at 373 and 473 K and applied stresses from 10 to 80 MPa. For comparison purposes, the same creep tests were performed also on the unpressed state of both materials. The specimens after ECAP and after ECAP and subsequent creep exposures were examined by scanning electron microscope (SEM) Jeol 6460 and Tescan Lyra equipped with an electron back scattering diffraction (EBSD) unit. The fracture surface of Al processed by 8 ECAP passes exhibited shear dimples which were elongated in the same direction, (Fig. 1) . On the fracture surface of sample processed by 4ECAP passes and crept at 373 K the mesoscopic shear bands (MSB's) were observed (Fig. 2a) . EBSD analyses of the place near the fracture (Fig. 2b) revealed that the MSB's are formed by inhomogeneity of ECAP microstructure. Inspection of the Fig. 2b showed that microstructure after 4 ECAP passes and creep at 373 K contained extremely coarse grains with mean size ~ 4.35 µm and the group of grains formed long bands exceeding the observation window. The cooperative grain boundary sliding groups of grains can significantly influence deformation behaviour of aluminium processed by ECAP. The stress dependences of the minimum creep rates for Al processed by 4 ECAP passes and coarse-grained state are shown in Fig. 3 . The minimum creep rate is expressed as:
Where A, n, p and R are constants, d is the grain size, σ is the applied stress, Q c is the activation energy for creep and T is creep temperature. From stress dependences of the minimum creep rate the stress exponent was determined. It can be seen (Fig. 3) that the creep rates in the CG state are about one order of magnitude faster in comparison with Al after 4 passes when tests were performed at 473 K. ECAP material. The stress dependences of the minimum creep rate measured at 373 K for ECAP and CG aluminium are also illustrated in Fig. 3 . The results demonstrate that creep resistances of CG and UFG aluminium are too different to perform the creep tests at the same stress interval. Nevertheless, the values of the stress exponents determined at the similar creep rate interval decrease from the value of n~23 for CG material to the value of n~10 for ECAP aluminium. The stress dependence is shifted to the higher applied stresses in the samples of ECAP aluminium. The ECAP material is probably more resistant against the transition from power law creep to the power low breakdown. The significantly higher creep resistance of ECAP Al tested at 373 K can be influenced by thermal stability of grain size. The insufficient thermal stability of ECAP microstructure at 473 K led to the coarsening of the grain which mean size already more corresponds to the coarse-grained region.
Fracture behaviour of Al-Sc alloy
The investigation of the surfaces of tensile specimens processed by 2, 4 and 8 ECAP passes and tested at 473 K revealed the formation of MSB's. The occurrence of MSB's in the surface of specimens after 2 and 4 ECAP passes was mostly observed in the vicinity of the fracture and their frequency decreases with increasing distance from the fracture. The MSB's almost covered the whole gauge length of samples processed by 8 ECAP passes. Inspection of the fracture surfaces showed that the number of MSB's increases with increasing number of ECAP passes. The mean interband spacing decreases from the value ~ 550 µm measured for Al-Sc alloy after 2 ECAP passes to the value ~ 35 µm for Al-Sc alloy processed by 8 ECAP passes. The mean interband spacing for Al-Sc alloy processed by 4 ECAP passes was ~ 110 µm. The MSB's formed on the surface in Al-Sc alloy processed by 2 ECAP were situated close shear plane of the last ECAP pass (Fig. 4) . However the slope of MSB's with respect to the stress axis decreased with increasing number of ECAP passes. The fracture of Al-Sc alloy processed by 1 ECAP pass and tested at 473 K (Fig. 5a,b) exhibited two different fracture modes. Inspection of Fig. 5c showed that the fracture was initiated from the upper part of the ECAP billet which is close to the upper part of the ECAP die. The major crack is formed by many cavities which nucleate and propagate along the interfaces of MSB's and on the fracture surface the dimples elongated to the shear direction were observed. The bottom part of the shear dimples situated at the fracture plain of MSB's was rough and grains can be found (Fig. 5a) . The final part of the fracture was formed by more or less equiaxed dimples which were highly deformed nearly parallel to the stress axis (Fig. 5b) . The fracture of Al-Sc alloy processed by 2 ECAP passes and tested at 473 K is shown in Fig. 6a . The fracture was initiated from the upper part of the ECAP billet which is close to the upper part of the ECAP die. The cavities and microcracks nucleate and propagate along the MSB's. The coalescence of cavities resulted from the shearing and opening of the crack under applied load. From this reason the fracture surface is covered by elongated dimples and their bottom parts contain the grains showing intergranular propagation of cavities (Fig. 6b) . The EBSD analysis (Fig. 6c) of the interface of MSB's in the XZ section revealed that at the interface of MSB's are the groups of randomly oriented grains with the mean size about 3.8 µm which separate the areas of grains with similar orientation. It can be expected that strain behaviour of ECAP alloy is influenced by mesoscale sliding of groups of grains. The fracture of Al-Sc alloy processed by 4 ECAP passes and tested at 473 K (Fig. 7a) exhibited fracture MSB's with dimples on the surface. The bottom part and partially the walls of the dimples show that the cavities were propagated by intergranular mechanism (Fig. 7b) . The EBSD analysis of the interface of MSB's in the XY section revealed that cavities nucleate and propagate in the interior of long band containing fine grains with mean size about 1.95 µm which separate the areas with similar orientation (Fig. 7c) . This observation demonstrates that formation of MSB's could be influenced by inhomogeneity of microstructure created by ECAP deformation. The MSB's have not only surface character but their occurrence was also found in the interior of the tensile specimen. The Al-Sc alloy processed by 8 ECAP passes and tested at 473 K under applied stress 15 MPa (Fig. 8a ) exhibited ductile fracture with dimples on the fracture surface. The bottom part and partially the walls of the dimples show that the cavities were propagated by intergranular mechanism. On the fracture surface of flat tensile specimen the fine cavities were observed The occurrence of cavities is probably the result of high local concentration of deformation at the triple points and inefficient accommodation processes of grain boundary sliding. However recently was found that ECAP can introduce additional free volume in UFG material in the form of non-equilibrium interfaces, vacancy clusters, nanovoids and micropores. These defects probably provide pathways for ultra-fast atomic transport [18] . From this reason it can be suggested that the nucleation and the growth of small spherical cavities can be influenced by diffusion mechanism(s). The larger elongated cavities are influenced by plasticity controlled growth. EBSD analyses of microstructure microstructure of Al-Sc alloy showed that the mean grain size is ~ 1.97 µm and contained ~ 84.5% of high-angle grain boundaries (HAGBs). Nevertheless the microstructure has bimodal character; it can be found larger grains elongated nearly parallel to the stress axis and fine more or less equiaxed grains. It was found that application of method ECAP could lead to the formation of the bimodal or even multimodal microstructures [19, 20] . The bimodality can also depend on an appropriate thermal [19] or creep conditions. It is generally accepted that the co-existence of larger recrystalized grains in the bimodal structure can improve deformation behaviour of UFG material by relaxation of the stress concentration through plastic deformation inside of larger grains [19] . The high number of HAGBs in the microstructure in the connection with relatively small grain size probably lead to the higher activity of additional creep mechanisms like GBS, cavitation and more intensive diffusion processes.
Conclusions
The fracture behaviour of Al and Al-Sc alloy processed by ECAP is significantly influenced by inhomogeneity of microstructure which was created by ECAP deformation. The heterogeneous microstructure formed by ECAP caused that the fracture occurred on the mesoscopic level due to the formation of mesoscopic shear bands. The creep behaviour of Al and Al-Sc alloy is influenced by synergetic effect of additional creep mechanisms like GBS, cavitation or more intensive diffusion processes. The reduction of the grain size of pure Al near to UFG level causes the shift of the stress dependences of minimum creep rates with decreasing creep temperature to higher stresses in comparison with CG material.
